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Abstract Upper mantle discontinuities are inﬂuenced by convection-related thermal heterogeneities arising
in complex geodynamic settings. Slab rollback of the Paciﬁc plate and mantle upwelling in the Meso-Cenozoic
caused the extension and spreading of continental segments in the South China Block leading to profound var-
iations of the local temperature conditions. We processed 201 teleseismic events beneath 87 stations in the
Hainan, Guangdong, and Fujian provinces in the South China Block, and extracted 4172 high-quality receiver
functions. We imaged the topography of the local mantle discontinuities by using phase-weighted common
conversion point stacking of the receiver functions, which effectively improves the P-to-S-converted phases. We
found that the average depths of the discontinuities at 410 and 660 km depth are 414 and 657 km, respectively,
while no clearly deﬁned discontinuity at 520 km depth was detected. We mapped the thickness of the mantle
transition zone (MTZ), which can reﬂect temperature and/or compositional heterogeneities as well as the pres-
ence of water, and discussed possible geodynamic implications. In particular, we found that the MTZ beneath
the Leizhou Peninsula in the Hainan province is 42 km thinner than average. This scenario suggests that the
Hainan plume is responsible for positive temperature anomalies between 270 and 380 K and between 200
and 240 K at the 660 and 410 km discontinuities, respectively. We also observed a prominent uplifting of the
660 km boundary beneath the coast regions that may be indicative of lateral ﬂow of the Hainan plume.
1. Introduction
Located at the intersection of the Eurasian and Philippine plates, the South China Block (SCB) has a complex
history of subduction, continental collision, extension-induced magmatism, and intense crust-mantle inter-
action [Taylor and Hayes, 1983; Briais et al., 1993; Huchon et al., 1998] (Figure 1). Seismic imaging of the deep
mantle beneath the SCB is essential for understanding the dynamic mechanisms acting in this region. Previ-
ous seismic studies focused on mantle structures imaged through body wave or surface wave tomography
[Huang et al., 2003; Lei et al., 2009; Li et al., 2006], wide-angle reﬂection/refraction surveys [Xia et al., 2010;
Zhang et al., 2011], and teleseismic receiver function simulations [Ai et al., 2007; Gao et al., 2010]. These
models, however, suffer from a poor resolution that renders the imaging of mantle discontinuities difﬁcult
owing to sparse seismic array coverage or limitations of the applied methodologies. More comprehensive
studies are thus required to image in detail the upper mantle below this region.
In this study, we present three-dimensional, high-resolution P-to-S receiver function images of upper mantle
structures beneath the SCB. Results are obtained from a large number of teleseismic events recorded at per-
manent seismometers located in the Fujian, Guangdong, and Hainan provinces (see Figure 1). The dense
and well-crisscrossed raypaths effectively improve the imaging of upper mantle discontinuities. The inferred
details of the upper mantle structures provide us with important information to clarify the interaction
between shallow processes and the dynamics of the deep mantle.
2. Background
2.1. Geological Setting and Previous Studies
The SCB was widely intruded by granites and vastly covered by Mesozoic igneous rocks [Zhou and Li, 2000],
indicating that it experienced episodes of intensive volcanism during its geological history. Previous studies
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suggest that the paleo-Paciﬁc plate
subducted under Southeast Asia in the
Mesozoic gave rise to widespread igne-
ous activities [Jahn et al., 1976]. Zhou
and Li [2000] analyzed variations in the
age of igneous rocks and inferred that
magmatism becomes younger and
younger away from the coast.
To the east, Taiwan was formed as one
of the youngest orogenic belts owing to
the collision between the Philippine and
Eurasian plates [Hsu et al., 2004] taking
place at a rate of 8.2 cm/yr [Yu et al.,
1997]. Plate convergence has also inﬂu-
enced the Fujian province, which is sep-
arated from Taiwan by the Taiwan Strait.
Global and local seismic travel time
tomography have been employed to
study the deep structure beneath this
region [Huang and Zhao, 2006; Huang
et al., 2010; Lallemand et al., 2001], and
the results show that prominent low-
velocity anomalies (LVA) extending to
400 km are located beneath the SCB
and coastal areas. Huang et al. [2010]
proposed that the subducted plate caused a return ﬂow of lower mantle material into the upper mantle
through the mantle transition zone (MTZ). Mesozoic magma chambers associated with the subducted paleo-
Paciﬁc plate may have been reheated by hot upwellings leading to the formation of prominent LVAs. In order
to investigate the presence of thermal anomalies in the upper mantle, Ai et al. [2007] imaged the crust and
upper mantle structure beneath southeast China using the receiver function method. According to their
results, the thickness of the MTZ seems to be unperturbed, thus indicating a normal thermal environment.
However, this study suffers from a relatively poor station coverage being limited to Taiwan and Fujian. Includ-
ing more stations in southwest districts such as the Guangdong province could help study the relations
between the subduction system and the dynamics of the deep mantle in a more comprehensive way.
The Hainan Island, located near the southwestern margin of the SCB, has been affected by the extension of the
South China Sea and northward drift of the Indian plate [Huang et al., 1998]. A wide range of Cenozoic magma
eruptions are distributed in the Hainan Island, and some studies report that the Hainan plume is responsible for
a very low-velocity zone beneath this area [Huang and Zhao, 2006; Lebedev and Nolet, 2003]. However, the depth
from which this plume actually originates is yet to be clariﬁed. Using high-quality local and teleseismic data, Lei
et al. [2009] reported that the plume is characterized by an 80 km wide conduit inclined toward south east that
extends from the surface down to a depth of 250 km. They also proposed that the inclination of such upwelling
results from mantle ﬂow driven by the subduction of the Philippine plate. However, because of the limited reso-
lution of the data, the authors did not discuss deeper structures extending to the lower mantle, leaving the
question as to where the root of the Hainan plume is located still a matter of debate.
2.2. Mineral Physics of Upper Mantle Discontinuities
The MTZ is bounded by two sharp discontinuities at the depths of about 410 and 660 km (hereafter simply
called ‘‘the 410’’ and ‘‘the 660’’). These two discontinuities are traditionally interpreted as phase-transition
boundaries marking the exothermic transformation of olivine into wadsleyite and the endothermic transfor-
mation of ringwoodite into perovskite (postspinel) [Ringwood, 1975; Bina and Helffrich, 1994]. Lateral tem-
perature heterogeneities can perturb the equilibrium position of the phase transitions. In a relatively cold
environment, in the presence of a slab subducting trough the MTZ, the 410 and 660 km boundaries are,
respectively, uplifted and depressed with respect to their equilibrium depths, whereas in a hotter
Figure 1. Map showing the study region in the South China Block (SCB) and the
seismic stations we used. Orange, red, and cyan triangles denote the permanent
stations in Fujian (FJN), Guangdong (GDN), and Hainan (HNN) Seismic Networks,
respectively. The thin dotted red line indicates the ocean-continent boundary
(OCB), while the bold dashed red line represents the boundary between the
Yangtze Block and the SCB. Solid black lines depict some of the main faults in the
SCB [after Ji et al., 2009]. Jagged lines indicate the locations of trenches to the
east of the SCB [after Rangin and Silver, 1991]. Black points represent the piercing
points of converted S waves at a depth of 410 km. Red labeled circles denote pro-
vincial capitals around the SCB.
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environment associated with a mantle plume, they will be depressed and uplifted instead. Estimating the
thickness of the MTZ can thus provide important information about subducted slabs and mantle plumes.
However, it must be noted that standard depth-temperature relations can be complicated by other factors
affecting the topography of these discontinuities, such as chemical composition and water content. As Van
der Lee and Wiens [2006] summarized, increasing water content has opposite effects on the depth and
sharpness of the 410 and 660 as compared with those induced by temperature heterogeneities. Schmerr
and Garnero [2007] suggested that hydrated wadsleyite may remain at the top of the MTZ because of its
chemically buoyant nature, giving rise to a localized melt layer atop the 410. The shape of the 660 may also
be complicated by the presence of an additional phase change from ringwoodite to ilmenite and deeper to
perovskite. Nevertheless, compositional heterogeneities and water content are likely to exert a second-
order effect when compared to thermal contrasts [Eagar et al., 2010].
3. Data and Methods
3.1. Distribution of Stations and Earthquakes
We used teleseismic seismograms recorded at 87 stations from seismic networks in the Fujian (FJN), Guang-
dong (GDN), and Hainan (HNN) provinces in the SCB (Figure 1). All of these stations have operated for at
least 10 years and accumulated a large amount of seismic data.
We downloaded teleseismic waveforms from the China Earthquake Data Center (CEDC; http://data.earthquake.
cn/data/) acquired between January 2000 and December 2008. Earthquake magnitudes are greater than 5.8,
and epicentral distances range from 308 to 908 (Figure 2).
3.2. Receiver Function Isolation
The receiver function method is one of the most powerful tools to study the structure of the lithosphere
[Ammon, 1991; Langston, 1979]. In recent years, the process of stacking in exploration seismology has been
Figure 2. Epicenter distribution of teleseismic events used in this study. Black stars denote the locations of earthquakes. The dashed circle
marks the lowest (308) epicentral distance of the teleseismic earthquakes from the center of the networks (115.278E, 24.108N).
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combined with this method to study mantle discontinuities and the MTZ [Shen et al., 1998; Yuan et al.,
2000]. In this study, we investigate the topography of the 410 and 660 using high-quality P-to-S receiver
functions in order to provide a detailed picture of the structure of the MTZ beneath the SCB.
We manually checked the downloaded seismograms and discarded recordings with invalid data caused by
equipment failure. The selected seismograms were windowed to include about 25 s before and 100 s after
the theoretical P arrival time calculated from the iasp91 model [Kennett and Engdahl, 1991]. A source equal-
ization procedure [Ammon, 1991; Langston, 1979] was then applied to isolate the receiver functions by
deconvolving the vertical components from the radial and tangential components of the seismograms.
Receiver functions characterized by a large noise of the prearrival signals or without obvious converted
phases have been discarded. We ﬁnally obtained 4172 high-quality receiver functions (the data can be
downloaded as supporting information from the online version of the paper), with a number of records-
per-station varying from 6 to 120. In total, we extracted these waveforms from 201 teleseismic events
(Figure 2).
3.3. Phase-Weighted Common Conversion Points Stacking
We constructed an improved 3-D image of the MTZ structure by taking advantage of the phase-weighted
common conversion point stacking approach [Frassetto et al., 2010]. First, we prepared a 1-D shear wave
velocity model with a depth ranging from 0 to 800 km. We determined crustal thickness (H) and Vp/Vs ratio
(j) via H-j stacking process (Figure 3) [Huang et al., 2012, 2014]. With this method, amplitudes at the pre-
dicted arrival times of the hypothetical P-to-S-converted phases plus their multiples are summed up. The
best estimates of H and j are then obtained by ﬁnding the maximum stacking values [Zhu and Kanamori,
2000]. We extracted shear wave velocities below the Moho from the global 3-D tomography model
SL2013sv of Schaeffer and Lebedev [2013] and computed P wave velocity anomalies assuming dlnb/
dlna5 1.4, where a and b are P and S velocities, respectively.
Second, we calculated the raypath of each receiver function in the depth domain according to ray parame-
ter, coordinates of the station and event, and velocity values corresponding to those of the 1-D model (at
50 s reference period) used by Schaeffer and Lebedev [2013] as a reference for their tomographic model. For
this calculation, we used a model consisting of 800 parallel spherical layers with a spacing of 1 km. We
modiﬁed the crustal structure in the 1-D reference model of Schaeffer and Lebedev [2013] according to the
estimated H and j to correct shallow heterogeneities around the stations (Figure 4). We then calculated the
raypaths of the receiver functions within the ﬁrst layer on the base of Snell’s law. Heterogeneities in the
upper mantle have been corrected based on the absolute velocities extracted from the 3-D regional model
along the unperturbed raypath. The amplitude of the calculated arrival time in the receiver function was
Figure 3. (a) Crustal thicknesses and (b) Vp/Vs ratio in the SCB [after Huang et al., 2012, 2014]. The contours of the crustal thickness and of Vp/Vs are tracked based on the data of 87 sta-
tions in the SCB. The dashed white lines denote the Zhenghe-Dapu Fault and Nanao-Changle Fault.
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assigned to the location where the P-to-S
conversion wave (the piercing point) is
generated. In the same way, we calculated
the raypath and the relative travel time in
the second layer. By repeating this process,
we back projected the entire time domain
receiver functions onto appropriate con-
version depths and associated locations. To
suppress high-frequency noise, we also ﬁl-
tered all of the receiver functions using a
Butterworth band-pass ﬁlter of 0.03–0.3 Hz
before the migration.
Finally, our study area was gridded at an
interval of 75 km, corresponding to 90% of
the Fresnel radius at 410 km depth. Each
grid point was considered as a circular bin
with a thickness of 1 km extending down to
800 km. Amplitudes at piercing points falling
into the same circular bin were phase-
weighted stacked using the bootstrapping
method [Efron and Tibshirani, 1986]. The
radius of each bin was set according to the
ﬁrst Fresnel radius at the corresponding
stacking depth. According to the phase-
weighted stackingmethod, the Hilbert trans-
form of all receiver functions needs to be
computed in order to obtain amplitude and
instantaneous phase [Frassetto et al., 2010].
According to Schimmel and Paulssen [1997],
the transform is carried out as follows:
SðzÞ5rðzÞ1iH rðzÞð Þ5AðzÞeiuðzÞ (1)
The depth-converted receiver function r(z) and its Hilbert transform H(r(z)) deﬁne the real and imaginary
components of S(z). The terms A(z) and A(z) represent the amplitudes and the instantaneous phases for a
particular depth z, respectively. The stack can be expressed as follows:
f ðzÞ5 1
N
XN
j51
rjðzÞ
 
cðzÞt (2)
cðzÞ5 1
N

XN
j51
eiuðzÞ
 (3)
In equation (3), c(z) is the averaged absolute value of the instantaneous phase, N is the number of receiver
functions, and the exponent V in equation (2) varies from 0 to 1 to adjust the sharpness of the ﬁlter. In this
work, we set V to 1. For each trace j, the corresponding amplitudes rj are averaged using the bootstrapping
method and then multiplied by the phase-weighting term c(z). This multiplication can reduce amplitudes
associated with incoherent arrivals and enhance coherent energy [Frassetto et al., 2010]. We keep the circu-
lar bins containing at least 20 receiver functions for stacking (N 20; Figure 5).
4. Results
4.1. Depths of the 410 and 660
The time versus ray-parameter (T-p) image, which indicates the stacked amplitudes of the entire data set in
0.001 s/km ray-parameter bins, shows clear seismic discontinuities in the upper mantle (Figure 6a). The
clearest arrivals at around 4, 13, and 16 s are expected as converted shear waves along with the
Figure 4. P410s and P660s timing corrections. Solid red lines around 40–45
and 65–70 s denote predicted P410s and P660s moveout curves from the 1-D
reference model of Schaeffer and Lebedev [2013]. Black crosses mark the
travel times predicted by taking the crust heterogeneity around stations into
account. Dashed red lines surrounding the moveout curves, which are
labeled by the corresponding value, deﬁne the ranges of the corrections.
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corresponding multiple phases from the Moho. Two other bright arrivals at 45–50 and 65–75 s are identiﬁed
as converted phases from the 410 (P410s) and 660 (P660s). There is no obvious coherent phase at the pre-
dicted time of P520s (near 520 km) as previously reported by Schmandt et al. [2012], indicating that the
520 km discontinuity is not a global feature. The stack of all depth-domain receiver functions, determined
from SL2013sv, shows peak amplitudes at the average depth of 414 and 657 km, respectively, for P410s and
P660s (Figure 6b).
Due to incomplete information on seismic velocities in the upper mantle, the migrated depths of the 410
and 660 are usually not accurate. In order to check this uncertainty, shear wave velocities of the 1-D refer-
ence model of Schaeffer and Lebedev [2013] were perturbed in a range between 25% and 5% with a 0.5%
interval (Figure 7b); for each perturbed model, we calculated the stacked amplitudes and the corresponding
depths for P410s and P660s (Figure 7a). The AK135 model [Kennett et al., 1995] was also included in this
test. Our results show that the migrated depths vary signiﬁcantly depending on the seismic velocities. The
Figure 5. Ray piercing point hit counts for each circular bin. (a) Hit counts of piercing rays at the depth of the 410 km discontinuity, determined by searching the maximum amplitude of
the depth-domain receiver function from 370 to 450 km (see section 4.3 for details). (b) Hit counts of piercing rays at the depth of the 660 km discontinuity, determined by searching the
maximum amplitude of the depth-domain receiver function from 620 to 700 km. Interval of the histograms is 75 km. The number of rays per bin saturates at 450.
Figure 6. Time versus ray-parameter (T-p) image and depth-migrated cumulative stack. (a) Stacking receiver functions from all stations
used in our study. Amplitudes of receiver functions are binned and stacked in 0.001 s/km slowness, and positive amplitudes are shown in
red, while negative in blue. P-to-S conversion wave from the Moho (Pms) and multiple phases are marked by solid and broken green lines.
The white parabolic line starting from zero time represents the predicted PcP arrival from the iasp91 model. (b) Depth-migrated stacks are
shown as black solid lines surrounded by two lines that represent the 95% bootstrap conﬁdence bounds; only the positive amplitudes of
receiver functions obtained from SL2013sv model are shown in red. Peak amplitudes of P410s and P660s are labeled by the relevant depths.
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depths obtained using the 1-D reference model and the AK135 model are, respectively, 423 and 431 km for
the 410 boundary and 667 and 681 km for the 660 boundary, while considering the Schaeffer and Lebedev’s
model perturbed by 21.5%, the depths are 412 and 656 km, which are much closer to the average values
determined from SL2013sv [Lawrence and Shearer, 2006] (Figure 7a). As revealed by global and regional
seismic tomography [Zhao, 2004; Huang et al., 2010; Schaeffer and Lebedev, 2013], velocities below the SCB
are relatively low with respect to average conditions. We thus suggest that the real shear wave velocities
beneath the SCB are about 1.5% lower than those obtained from the 1-D reference model, as also reported
by the 3-D tomography model SL2013sv. By correcting the heterogeneities in the upper mantle with a 3-D
tomography model, we can signiﬁcantly reduce the bias in the depth estimate due to wrong migration
models. Furthermore, in this work, we focused mainly on the lateral variations of the upper mantle disconti-
nuities, which are supposed to reﬂect temperature heterogeneities closely related to the dynamics of the
deep mantle.
4.2. Cross Sections Across the Study Region
Figure 8 shows the stacking results in the form of slices extracted from the 3-D stacked receiver function
volume, with their location indicated in the geographic map of the SCB in top left ﬁgure. For comparison,
AA0 and BB0 correspond to the cross sections presented by Ai et al. [2007]. CC0 and DD0 lie in GDN, and DD0
passes through the Pearl River mouth where the Moho is clearly uplifted as mentioned in Huang et al.
[2014] and shown in Figure 3a. EE0 and FF0 lie in HNN with FF0 passing across the Leizhou Peninsula below
which the Hainan plume is supposed to be located. All of these six slices have a NW orientation nearly paral-
lel to the extension and subduction directions of the regional tectonic setting, whereas GG0 was chosen to
pass through HNN, GDN, and FJN with a NEE orientation in order to image the upper mantle structure, from
SW to NE, of the entire SCB.
In FJN (slices AA0 and BB0), the stacked amplitudes are basically consistent with the results presented by Ai
et al. [2007] at the depths of the 410 and 660, but are also more detailed. This can be due to the accurate
correction of the crustal structure beneath the stations obtained through the H-j stacking process, and to
corrections of large mantle heterogeneities atop the MTZ obtained using a reliable 3-D shear wave velocity
model. In AA0, the 410 is depressed to 417 km at 1198E–1218E, while the 660 uplifted to 650 km around
1188E. Right on top of the primary discontinuity at 1188E–1108E, there is a secondary discontinuity at
610 km. In BB0, the 660 is mainly unperturbed but shows an uplift from 660 to 653 km around 1108E,
and the stacked amplitudes are sharp and continuous.
Figure 7. Tests for migrated depths of P410s and P660s using different 1-D models. (a) Stacked amplitudes (y coordinate) of the receiver
functions at P410s and P660s determined from perturbed 1-D reference models (x coordinate) AK135 (green stars). Solid blue lines and
solid red lines represent the staked amplitudes for P410s and P660s, respectively, and the corresponding dashed lines represent the 95%
bootstrap conﬁdence bounds. The depths for P410s and P660s are labeled at the corresponding data points denoted by squares. (b) Per-
turbed models in a range between 25% and 5% with a 0.5% interval (thin black lines), 1-D reference model (yellow line), and AK135
(green line).
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Figure 8. Cross sections throughout the SCB from receiver function amplitudes stacked over 30 km wide bands. The top left ﬁgure shows
the locations of these cross sections. Positive and negative amplitudes are shown in red and blue, respectively. The predicted depths of
the 410 and 660 are indicated by green and yellow lines, respectively. The depth-migrated receiver functions are also shown on the cross
sections.
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In CC0 and DD0, the depths of the 410
and 660 appear to be stable except
that the 660 is clearly raised by 10–
15 km at 1158E–1178E in CC0 and DD0,
similarly as for the BB0 cross section.
In EE0 and FF0, due to limited data cov-
erage or more noise interference in the
receiver functions, the 410 and 660
exhibit a more complex topography
with a few uplifts and depressions. For
FF0, which passes through the Leizhou
Peninsula, a greatly depressed 410 and
uplifted 660 are observed at 1098E–
111.58E, indicating the strong inﬂuence
of themantle plume.
With its NE orientation, the slice GG0
reveals more clearly the irregular
spatial distribution of the 410 and
660 in the SCB. This slice shows very
clearly the depression of the 410 and
the uplift of the 660 beneath the
Leizhou Peninsula. To the northeast,
the 660 also shows a clear uplift of
up to 13 km from 1148E to 1188E
that diminishes away from the Leiz-
hou Peninsula, while the 410 remains
largely unperturbed.
4.3. Topography of the 410
and 660
We determined the depth of the 410
and 660 by automatically picking and
recording the maxima of the depth-
domain stacked amplitudes in the
ranges of 370–450 and 620–700 km.
Figure 9a shows the thickness of
the MTZ computed by subtracting the
depth of the 660 (Figure 9c) from that
of the 410 (Figure 9b). Topographies of
the 410 and of the 660 exhibit strong
variations throughout the SCB. In the
Hainan province, the depth of the 410
reaches more than 420 km and attains
its highest value (430 km) in the
north of the Leizhou Peninsula. Within this region, the stacked amplitudes have complex shapes owing to the
sparse distribution of the piercing points (Figure 5a). In the Guangdong and Fujian provinces, the 410 has an aver-
age depth of 410 km in most of the area and tends to become deeper away from the coast as suggested by the
velocity heterogeneities atop the MTZ and shown in the corresponding slices. Compared to the Hainan province,
peaks of the stacked amplitudes are sharper andmore easily recognizable within this large area.
The 660 is characterized by two major topographic variations in the Leizhou Peninsula and along the coast-
line. In the former, it appears to be elevated to 636 km within a narrow region surrounded by a prominent
depression (690 km), whereas in the Guangdong and Fujian provinces, it shows an uplift belt of 15 km
along the coastal region from the Pearl River mouth to the northeast of FJN.
Figure 9. Maps of (a) the transition zone thickness and of the topography of the (b)
410 and (c) 660. The transition zone thickness is calculated by subtracting the depth
of the 660 from that of the 410 for each bin. Contour lines denote the thickness and
depth variations.
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The two above features are also evident in the MTZ thickness (Figure 9a), which is less inﬂuenced by the
heterogeneous upper mantle when compared with the 410 and 660. The MTZ has a minimum thickness of
208 km in the north of the Leizhou Peninsula, where the 410 and 660 are, respectively, depressed by
18 km and uplifted by 24 km (Figures 9b and 9c). In most parts of the Guangdong and Fujian provinces, the
thickness of the MTZ ranges from 235 to 255 km, thus ﬂuctuating around the global average of 250 km pre-
dicted by iasp91. An obvious anomalous belt of thinned MTZ extends from the Pearl River mouth to the
northeast of Taiwan parallel to the coastline. Regarding this feature, the 410 remains essentially unper-
turbed while the 660 is uplifted by about 10–15 km.
In order to assess the reliability of the main observed characteristics of the 410, of the 660 and of the MTZ
thickness, we compared the migrated results using different global and local 3-D tomography models,
namely Grand2000 [Masters et al., 1996], MIT09 [Li et al., 2008], and HZC [Huang et al., 2010]; in addition, we
tested other 1-D reference models for comparison. The results show that the most prominent features of
the discontinuities variations are basically consistent, which conﬁrms the reliability of our results (see sup-
porting information).
5. Discussion
5.1. Hot Mantle Beneath the Leizhou Peninsula
The topography of MTZ discontinuities is controlled by several factors such as temperature, composition,
and water content, with the temperature being generally accepted as the primary one.
We observed a MTZ about 42 km thinner than normal beneath the Leizhou Peninsula in the Hainan prov-
ince, where the 410 is depressed by 18 km and the 660 elevated by 24 km. Assuming a pressure gradi-
ent of 33 MPa/km and Clapeyron slopes between 2.5 and 3.0 MPa K21 for the 410 and between 22.0 and
23.0 MPa K21 for the 660 [Helffrich, 2000], a positive thermal anomaly between 230 and 308 K can be
inferred if this is evenly distributed between the 410 and 660 and the anomalous thickness of the MTZ is
solely of thermal origin.
The depressed 410 and uplifted 660 also indicate positive thermal variations of about 200–240 and 270–
380 K, respectively, near the two discontinuities (Figure 10). According to Lebedev et al. [2003] and the test
presented in section 4.1, accurate depth estimates of the 410 and 660 depend on seismic velocities above
and within the MTZ. We thus compared the pattern of the topographies of the 410 and 660 boundaries
with the seismic tomography model to ﬁnd their correlation. The topography of the 410 boundary corre-
lates well with velocity anomalies predicted by SL2013sv beneath this area. Assuming that velocity pertur-
bations are of thermal origin and that dlna/dT525 3 1025 from Karato [1993], the estimated temperature
increase of 200–240 K of the 410 corresponds to velocity perturbations between 21.2 and 21.0% for P
waves and between 21.4 and 21.6% for S waves, which are comparable with those of the tomographic
model SL2013sv (Figure 10). However, the topography of the 660 does not correlate as well with the tomo-
graphic anomalies. The expected P and S perturbations are, respectively, between 21.3 and 21.5% and
between 21.8 and 22.1%, signiﬁcantly higher than the predictions of the tomography model (21.0%). This
inconsistency may indicate a more complex thermal and compositional state near the 660, which renders
velocity variations irregular.
Cenozoic alkali basalts, spread over the SCB, are thought to originate from a deep mantle source [Li et al.,
1999]. The sources in the Leizhou Peninsula are intermediate between MORB and OIB, indicating that
basalts in this area may have been affected by a deep mantle plume [Zou and Fan, 2010]. The inferred hot
mantle beneath the Leizhou Peninsula supports the presence of the Hainan plume in the mantle transition
zone (Figure 10). Yan and Shi [2007] calculated the average mantle temperature using the olivine in basalt
phenocryst and concluded that the mantle potential temperature in South China Sea adjacent to the SCB is
by 200 K higher than average. This estimate compares well with our results and conﬁrms the anomalously
hot mantle. Furthermore, the narrow radius (300 km) of the thinned MTZ implies that the plume should
originate from the lower mantle [Courtillot et al., 2003; Zhao et al., 2011].
5.2. The Deepened 660 Around the Hainan Plume
Surrounding the Leizhou Peninsula we identiﬁed a prominent depression of the 660 (up to 690 km) as
shown in Figure 8 (GG0) and Figure 10. Using the same Clapeyron slope for the 660, the change in depth
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from 636 to 690 km would imply a temperature contrast of 900 K. Such a large temperature variation is
unrealistic and implies the presence of lateral variations in composition at the base of MTZ or of changes in
the water content. Mineral physical studies [Weidner and Wang, 1998; Hirose, 2002] show that, at high tem-
peratures and in the presence of alumina (Al), the transition from majorite garnet to perovskite (postgarnet,
Figure 10) becomes dominant over the postspinel transition. Our image of the deepened 660 may reveal a
change of phase transition relative to the increase in the Al-content of the mantle or the inﬂuence of water.
The Hainan province is located in an area where different plates converge, forming a reservoir of subducted
oceanic crust. Continuous deep subduction and segregation of basaltic layers may have triggered the
plume to rise and carry upward hydrated crustal material. As a result, an Al-rich or water-rich mantle plume
may be ponding at the base of the MTZ, thereby affecting the topography of the 660 (Figure 10).
5.3. Slight Thinning of the MTZ Along the Coastline
Ai et al. [2007] obtained a normal MTZ below the Fujian province and Taiwan Strait using receiver functions.
On the contrary, an anomalous belt of slightly thinned MTZ with a prominent continuity along the coastline
is a clear feature emerging from our study. This is a robust anomaly that we identiﬁed using different cor-
rections of the topography of the 660 for 3-D heterogeneities (see Figure S1 of the supporting information).
In particular, it is clear from the topographies of the 410 and 660 that the uplift of the latter contributes
almost entirely to the thinning of the MTZ (Figure 9). Considering the same phase-transition parameters as
used for computing thermal variations beneath the Leizhou Peninsula, the shallower 660 (by 10–15 km)
suggests a regional thermal perturbation of up to 240 K at the bottom of the MTZ (Figure 10). Unlike the
mantle plume passing through the MTZ beneath the Leizhou Peninsula, the hot mantle seems to be con-
ﬁned at the base of the transition zone below the Guangdong and Fujian provinces, forming a region of ele-
vated temperature extending along the coastline.
Responsible for the thinned MTZ under the Leizhou Peninsula could be a secondary upwelling associated
with the Hainan plume (Figure 10). In the framework of dynamic simulations, Tosi and Yuen [2011] proposed a
Figure 10. Sketch of the temperature anomaly around the MTZ below the SCB, superimposed on the shear wave velocity tomography
(colored and contoured) and the stacked receiver function slice GG0 (Figure 8). Green, brown, and yellow lines indicate interfaces near
depths of 410, 660, and 690 km. The deep 410 and shallow 660 below the Leizhou Peninsula suggest temperatures higher than average
(DT410  200 K and DT660  380 K). The interfaces near 690 km (yellow lines) may be indicative of the postgarnet transition owing to Al-
rich lower mantle material. Uplifting of the 660 beneath the coastal area of the SCB is consistent with the postspinel transition taking place
in an anomalously hot mantle (DT660  240 K), possibly induced by lateral ﬂow of the Hainan plume [Tosi and Yuen, 2011]. With the current
data coverage, we cannot infer the presence of an additional upwelling beneath the eastern part of the study region. The dashed lines
indicate possible directions of the mantle ﬂow. Shallow ﬂow paths atop the 410 beneath the Leizhou Peninsula are not resolved by the
receiver function method.
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model in which plumes may ﬂow laterally beneath the 660, inducing the formation of a local thermal bound-
ary layer, from which one or more secondary upwellings can originate [see also Kumagai et al., 2007]. This sce-
nario, which can help explain the enigmatic seismic observation of a vast region of hot material ponding
beneath the 660 west of Hawaii [Cao et al., 2011], has also been recently invoked by Civiero et al. [2015] to
account for the seismic evidence of multiple upwellings in the transition zone beneath the northern East-
African rift. The 660 km boundary under the Leizhou Peninsula is uplifted over a relatively broad region. Such
uplift, however, tends to diminish away from the Hainan plume, possibly because of lateral ﬂow of hot mantle
material. The signiﬁcant elevation of the 660 in the NE corner of the region (Figure 9) may be due to a second-
ary upwelling that has not reached the 410 or has already penetrated the MTZ but is not revealed by our data
(Figure 10). According to this picture, we speculate that the plume may be located in the SW corner of the
study region, in agreement with previous tomography studies, which found that a prominent low-velocity
zone in the lower mantle exists around the Indochina peninsula and gradually tilts toward NE [Huang and
Zhao, 2006]. However, reliability of the tomography model is still crucial for supporting this assumption.
6. Conclusions
Using 4172 receiver functions from 87 stations belonging to local seismic networks of Guangdong, Fujian,
and Hainan provinces, we probed the upper mantle discontinuities beneath the SCB. We also determined
the topography of the 410 and 660 and the thickness of the mantle transition zone.
The boundaries of the 410 and 660 km discontinuities can be clearly identiﬁed throughout the region. The
thickness of the transition zone as measured by phase-weighted stacking of the receiver functions is charac-
terized by a prominent thinning of up to 42 km beneath the Leizhou Peninsula and the Hainan Island, sug-
gesting that the Hainan plume causes a local mean temperature increase in the transition zone between 230
and 308 K, depending on the Clapeyron slope of the phase boundaries, with corresponding thermal anoma-
lies at 660 and 410 km depth between 270 and 380 K and between 200 and 240 K, respectively. The inferred
thin belt in the MTZ beneath the Guangdong and Fujian provinces is interpreted in terms of elevated temper-
atures along the coastal areas possibly induced by a channel ﬂow of the mantle plume from SW to NE.
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